Salivary glands are simple structured organs which can serve as a model system in the study of organogenesis. Following a large EMS mutagenesis we have identi®ed a number of genes required for normal salivary gland development. Mutations in the locus small salivary glands-1 (ssg-1) lead to a drastic reduction in the size of the salivary glands. The gene ssg-1 was cloned and subsequent sequence and genetic analysis showed identity to the recently published gene brinker. The salivary gland placode in brinker mutants appears reduced along both the anterior-posterior and dorso-ventral axis. Analysis of the brinker cuticle phenotype revealed a similar loss of anterior-posterior as well as lateral cell fates. The abdominal ventral denticle belts show a reduced number of setae in the ®rst denticle row. Furthermore, we observed a preferential loss of lateral neuroblasts in the anterior parasegment. Together, these phenotypes suggest that brinker not only plays a role in dorso-ventral but also in anterior-posterior axis patterning. q
Introduction
In the development of metazoans, organogenesis requires the concerted interaction of cells of different origin. As a ®rst step, the determination of the position and the size of the organ anlage takes place. Subsequent morphogenesis often involves changes in cell shape and considerable cell movements. Finally, organ-speci®c cell types differentiate (Vainio and Muller, 1997; Vize et al., 1997; Andrew, 1998; Hogan, 1999; Metzger and Krasnow, 1999) .
The salivary glands of Drosophila melanogaster are simple structured organs which are ideal for studying these processes (for reviews see Skaer, 1993; Andrew, 1998) . The embryonic salivary glands are formed by principally three different cell types: (i) the gland cells; (ii) the duct cells, which can be subdivided into common duct and individual duct cells; and (iii) the cells of the imaginal ring which give rise to the adult salivary glands (Campos-Ortega and Hartenstein, 1997) . The salivary glands develop from two distinct placodes located in the neuroectoderm of parasegment 2. Ventrally, they are separated by a narrow strip of ectodermal cells which will later form the salivary ducts. Following the speci®cation of the salivary gland placodes no further cell divisions occur, thus, the number of cells in the placode de®nes the future size of the secretion epithelium (Foe, 1989; Campos-Ortega and Hartenstein, 1997) .
In recent years, many of the genes involved in the determination of the embryonic salivary gland anlagen have been identi®ed (Panzer et al., 1992; Andrew et al., 1994; Kuo et al., 1996; Jones et al., 1998; Henderson et al., 1999) . The position of the salivary gland placodes is determined by genes acting in the speci®cation of both the anterior-posterior (A-P) and dorso-ventral (D-V) axis.
So far the homeotic gene Sex combs reduced (Scr) (Wakimoto et al., 1984) has been identi®ed as the only instructive factor for salivary gland determination. In mutant Scr embryos the salivary gland anlagen do not form at all and ectopic expression of Scr induces the development of ectopic salivary glands (Panzer et al., 1992) . The gland-inducing capacity of Scr, however, is suppressed in the abdominal regions by the products of teashirt (tsh) and Abdominal-B (Abd-B) genes (Andrew et al., 1994) .
Dorsally the expansion of the salivary gland anlage is controlled by decapentaplegic (dpp) and the members of the DPP signalling pathway (Panzer et al., 1992; Henderson et al., 1999) . dpp negatively regulates the dorsal extension of the salivary gland placode. DPP activity is antagonized in the ventro-lateral body region by the activity of short gastrulation (sog), which encodes a homologue of the vertebrate CHORDIN protein (Francois et al., 1994; Sasai et al., 1994; Francois and Bier, 1995; Holley et al., 1995) . SOG/ CHORDIN counteracts DPP function by directly binding to it and thus preventing initiation of signal transduction (Marques et al., 1997; Piccolo et al., 1997) . Recently, the gene brinker (brk) was identi®ed as a novel negative regulator of DPP signalling (Bray, 1999; Campbell and Tomlinson, 1999; Jazwinska et al., 1999a,b; Minami et al., 1999) . BRINKER is a nuclear protein and shows weak homology to homeodomain proteins (Campbell and Tomlinson, 1999) . Consistent with its nuclear localization, brinker has been reported to function in a cell-autonomous manner during development, possibly as a transcriptional repressor (Campbell and Tomlinson, 1999; Jazwinska et al., 1999a; Minami et al., 1999) .
At the ventral side of the embryos, the position of the salivary glands is controlled by the gene dorsal (dl) or its downstream genes (Panzer et al., 1992) .
The members of the Drosophila EGF-receptor (DER) signalling pathway are involved in the ventral-most determination of the salivary gland anlage. In conjunction with fork head (fkh) and trachealess (trh) they are necessary for specifying preduct and pregland fates (Weigel et al., 1989; Isaac and Andrew, 1996; Kuo et al., 1996; Wilk et al., 1996) . The preduct anlage is further subdivided into an anterior and a posterior preduct anlage which give rise to the common duct and the individual ducts, respectively. This subdivision requires fkh, trh and eye gone (eyg) gene functions (Jones et al., 1998) .
In order to identify additional genes involved in the development of the embryonic salivary glands we have performed an EMS mutagenesis and screened for mutations on the ®rst and third chromosome that affect the morphology of the embryonic salivary glands (Lammel, 1997; U.L. and H.S., unpublished data) . The mutant phenotypes can be classi®ed into three major categories, with either reduced, enlarged or disarranged salivary glands.
Here we describe the genetic, phenotypic and molecular analyses of the X-linked complementation group small salivary glands-1 (ssg-1), which leads to a reduction in size of the salivary glands. Genetic analyses as well as sequence data subsequently showed that this locus corresponds to brinker (brk). The brk salivary gland phenotype indicates that brk antagonizes DPP signalling. Defects observed in the salivary gland placode, the larval cuticle and the developing nervous system suggest that brk also affects pattern formation along the anterior-posterior (A-P) axis.
Results

Genetic analysis of salivary gland development
In wild-type embryos the salivary glands occupy a ventro-lateral position¯anking the nervous system dorsally. b-GALACTOSIDASE expression of enhancer trap insertion line P(lacW)220 (a kind gift from A. Beermann, C. Schulz and J.A. Campos-Ortega) in the gland secretion epithelium can be used as a convenient marker to visualize the glands in wild-type and mutant embryos (Fig. 1A) . In the background of this enhancer trap line we have screened EMS-induced mutations on the X-chromosome and on the third chromosome for defects in the developing salivary glands (Lammel, 1997; U.L. and H.S., unpublished data) . Among the 6900 recessive lethal mutations tested, more than 80 lead to an abnormal salivary gland phenotype.
The corresponding genes can be grouped into three general classes. The ®rst class comprises those mutations that lead to a reduction in the size of the salivary glands, such as giant (gt) (Gergen and Wieschaus, 1986; SchmidtOtt et al., 1994) (Fig. 1B) and small salivary glands-1 (ssg-1) (Fig. 1C) . Mutations in one complementation group result in larger appearing salivary glands (Fig. 1D) . Complementation analysis showed that this group corresponds to the punt (put) gene which encodes a type II DPP receptor (Letsou et al., 1995; Ruberte et al., 1995) . The third class is represented by a number of genes such as folded gastrulation (fog) and twisted gastrulation (tsg) (Wieschaus et al., 1984) resulting in abnormally positioned salivary glands (data not shown). In the following we focus on the analysis of the ssg-1 mutation (Fig. 1C) .
Genetic and molecular map of ssg-1/brinker
The different ssg-1 alleles were mapped to the cytological position 7A6 using the de®ciencies and duplications as shown in Fig. 2A . To further understand the function of ssg-1 for salivary gland development we initiated a molecular analysis. Two P-element insertions, DG(1)1 and DG(1)3, which map to the cytological position 7A6±7A8 (kindly provided by H.Y. Sun et al., 1995) were used to perform an excision mutagenesis and new ssg-1 alleles were obtained in each case. This suggests that both the enhancer trap insertions have occurred close to the ssg-1 gene. To generate P-element-induced ssg-1 alleles, a local hop experiment (Tower et al., 1993; Zhang and Spradling, 1993) was performed starting with the DG(1)1 insertion. Two such alleles were obtained that fail to complement ssg-1 F124 . The subsequent complementation test with brinker M68 (brk) revealed that ssg-1 F124 is allelic to brinker (Campbell and Tomlinson, 1999; Jazwinska et al., 1999a,b; Minami et al., 1999) . The LoHo 5.2 insertion occurred 38 bp 5 H to the transcribed brk sequence and was further analyzed (Fig. 2B, see below) . This P-element insertion results in semi-lethality and male escapers showing ectopic wing veins (data not shown). The female lethality and the ectopic wing vein phenotype associated with the LoHo 5.2 insertion could be reverted by precise excision of the P-element indicating that this P-element insertion affects brk.
The genomic DNA of the ssg-1 region as well as ssg-1 cDNA clones were isolated and sequenced (see Section 4 for details). A summary of the molecular work is shown in Fig.  2B .
The embryonic expression pattern of brinker
Expression of brk can ®rst be detected at stage 5 (stages according to Campos-Ortega and Hartenstein, 1997) in the lateral neuroectoderm (Fig. 3A) (Jazwinska et al., 1999b) . Following mesoderm invagination, brk expression continues in the neuroectoderm as well as on the dorsal surface of the hindgut anlage (Fig. 3C, arrow) . In stage 11 embryos brk becomes restricted to only a few cell rows in the neurogenic ectoderm¯anking the midline. In the gnathal segments the expression domain broadens, overlapping the salivary gland placode in the labial segment (Fig. 3G , white circle). It is important to note that as salivary gland placodes invagine brk expression is down-regulated (Fig. 3J,K) . In the invaginated salivary glands no brk expression can be detected (data not shown). Similarly, brk expression can be seen in stage 11 embryos in the region of the tracheal placodes (Fig. 3E ), but expression is not seen later in the invaginating and branching trachea. Additional brk expression is apparent in the ventral CNS midline in stage 12±14 embryos (data not shown).
The b-GALACTOSIDASE (b-GAL) expression associated with the enhancer trap insertion DG(1)1 closely mimics the brk RNA expression in early stages (Fig.  3B,D) . In later stages b-GAL expression becomes more complex than the brk RNA expression probably due to the perdurance of b-GAL (Fig. 3F,H) . However, we did not observe an exclusion of b-GAL expression from the placodes, which may also be due to perdurance effects.
The size of the salivary gland placode is reduced in brinker embryos
Since no division of salivary gland cells occurs after the appearance of the placode, its size is correlated with the size of the larval organ (Foe, 1989; Campos-Ortega and Hartenstein, 1997) . The brk phenotype could be the result of a smaller sized anlage or it may due to a loss of cells during later steps of development. Therefore, we determined the size of the placodes in mutant brk embryos using three different markers: fork head (fkh) RNA probes (Weigel et al., 1989) , and the enhancer trap lines AA142 (Kla Èmbt et al., 1991; data not shown) and AI7 (C. Kla Èmbt, unpublished data) (Fig. 4) .
In wild-type embryos fkh expression de®nes the salivary gland placodes (Fig. 4A ). They are located in parasegment 2 overlapping the anterior demarcating INVECTED (INV) stripe but abutting the posterior INV stripe (Panzer et al., 1992) . In brk mutant embryos fewer fkh positive cells are found indicating a reduction in the size of the salivary gland placodes (Fig. 4B ). The AI7 enhancer directs b-GAL expression in the salivary glands from stage 11 onwards when it is found in the placodes. Using this marker, the typical position of the placodes at a ventro-lateral position in parasegment 2 can be seen. Following double labelling of stage 11 AI7 embryos with anti-b-GAL antibodies and anti-INV antibodies it becomes apparent that the AI7 enhancer trap does not label the anterior-most placode cells at this stage (Fig. 4E, arrows) . In brk mutant embryos the salivary gland placodes are smaller, as indicated by AI7-mediated b-GAL expression (Fig. 4F ), and at stage 11 AI7 positive cells still abut the posterior INV stripe (Fig. 4F ), whereas their anterior extent is reduced. Thus, loss of brk affects cells in both the D-V and A-P axis of the salivary gland placodes, indicating that the smaller size of the placodes is not only due to a lateralization of the anlage. To determine whether the brk salivary gland phenotype is solely due to the loss of dpp antagonist, we analyzed sog mutant embryos and sog mutant embryos with an elevated DPP level. The size of salivary gland placode in sog mutant embryos is not as reduced as in brk mutant embryos (Fig. 4C) . In sog mutant embryos with four copies of dpp the expression domain of dpp expands ventrally as in brk mutant embryos (Jazwinska et al., 1999b) (Fig. 4D) . However, the salivary gland phenotype in these embryos is different from brk mutant embryos since only a lateral compression of the salivary gland placodes is observed (Fig. 4D ). No change in the A-P extent of the placodes is found, as indicated by the overlap between fkh expressing placode cells and the anterior INV stripe of parasegment 2 (Fig. 4D) .
In wild-type embryos the salivary glands begin to invaginate at early stage 12. Invagination is almost complete by the end of stage 12, and in stage 14 embryos, the salivary glands are found in their ®nal position¯anking the ventral nerve cord (Fig. 4G,J) . In contrast to wild-type, no pronounced invagination of salivary glands can be seen in brk mutant embryos and only small tubes form (Fig. 4H,K) . However, in the resulting smaller salivary glands of brk mutant embryos a lumen can often be detected (see Fig.  6B , black arrow) indicating that ®nal morphogenesis is unaffected. No pycnotic cells or b-GAL containing macrophages as evidence for cell death were found at the level of light microscopy. Thus, the reduced size of the salivary glands in brk mutants appears to be a direct consequence of reduced salivary gland placode size.
To more speci®cally address the question of whether brk has a function in salivary gland development besides the limitation of placode extension, we utilized the GAL4 system (Brand and Perrimon, 1993) to ectopically express brk. Several independent UAS-brk transgenic¯y strains were generated. Using fkh expression as a marker, we observe that ubiquitous expression of brk driven by a daughterless-GAL4 line (Wodarz et al., 1995) results in a dorsal expansion of the salivary gland placodes but no extension along the A-P axis (Fig. 4L,M) . The observation that brk expression initially overlaps the region of the salivary gland anlage but is later excluded from the placodes raises the question of whether persistent brk expression in the salivary glands would be suf®cient to alter salivary gland development. To perform this experiment, we used a GAL4 driver line which speci®cally drives expression of UAS coupled transgenes in the salivary gland placodes (kindly provided by B.-Z. Shilo). When brk is expressed in this pattern, no change in fkh expression in the placodes can be observed (data not shown).
In summary, brk affects the size of the placode from early stages onward, but does not affect the morphogenesis of the salivary gland. Phenotypic analysis of brk mutant embryos suggests that the placodes are not only reduced in their dorsal extent but also in their A-P extent.
brinker affects epidermal development
The A-P patterning defect in salivary gland placodes of brk mutant embryos led us to analyze the larval cuticle for a similar phenotype.
In wild-type embryos, the anterior rows of setae have a smaller dorso-lateral extent than the posterior rows of setae, resulting in the characteristic trapezoid shape of the abdominal denticle belts in segments A2±A7 (Fig. 5A,C) . In brk F124 mutant larvae, the trapezoid form of the abdominal denticle belts is lost and denticle belts appear slightly narrowed in their D-V extent when compared to wild-type (Fig. 5B,D,E) . The anterior row of setae is preferentially missing (Fig. 5D,E ) and a few single scattered setae are formed instead. The loss of setae in the ®rst abdominal denticle rows is more pronounced in the anterior abdominal segments (Fig. 5D, A2±A4 ) than in the more posterior segments (Fig. 5E, A4±A6 ). Similar phenotypes were found in brk E427 and brk M68 mutant larvae (data not shown). To exclude the possibility that the loss of setae of the anterior denticle rows in abdominal segments is a general feature of mutations in genes functioning as antagonists of DPP signalling in the ventrolateral body region, we looked to see whether comparable defects appeared in sog mutant larvae. The anterior rows of abdominal denticle belts are not reduced in sog S6 (Fig. 5F ) or sog YS06 mutant larvae (data not shown). Thus, the reduction of the anterior denticle rows in the abdominal segments is a feature typical of brk. In addition to the lateralization observed in brk mutants (Jazwinska et al., 1999a) an expansion of naked cuticle is found suggesting that brk may affect more than one signalling cascade.
Nervous system phenotypes in brinker mutant embryos
Further evidence that brk mutants are additionally affected along the A-P axis comes from analysis of the CNS phenotype (Fig. 6 ). In the CNS of brk mutant embryos the connectives are reduced and are often interrupted (Fig.  6B, white arrow) . This phenotype led to the identi®cation of a further EMS-induced allele of brk (brk E427 ) in a screen for mutants with CNS defects (Hummel et al., 1999) . In wildtype embryos, neuroblasts (NBs) delaminate from the neuroectoderm in a characteristic spatial and temporal In contrast to wild-type, the salivary glands in brk mutant embryos are not fully invaginated and are reduced in size. In later stages they are found in an anterior head region. Ubiquitous and persistent expression of brk leads to a dorsal expansion of the salivary gland placodes. To express a UAS-brinker transgene during embryonic development the GAL4 system was used. (L) fkh RNA expression, as determined following in situ hybridization, is used to visualize the salivary gland placodes in a stage 11 wild-type embryo. (M) Following ubiquitous expression of brk, the fkh expression domain is expanded to the lateral side of the embryo, suggesting that the salivary gland placodes are increased in size.
pattern and express a speci®c combination of molecular markers. Delamination of neuroblasts occurs in ®ve waves (S1±S5) between late stage 8 and late stage 11 of embryonic development to form a stereotypical array of seven anteroposterior rows and three columns along the D-V axis: medial, intermediate and lateral (for review seeCamposOrtega, 1993). It has previously been shown that brk null mutants have a severely reduced number of neuroblasts in the outer two rows (Jazwinska et al., 1999b) , corresponding to the lateral and intermediate rows of neuroblasts.
The phenotype has been analyzed in greater detail using markers which enable us to identify speci®c neuroblasts (Fig. 7) . With respect to the D-V axis, as expected, many of the late delaminating lateral and intermediate neuroblasts, but not the medial neuroblasts, are reduced in number in this allele. For example, NB2-4, a neuroblast that delaminates in the intermediate row at stage 11, is the only neuroblast which expresses both EAGLE and POX-NEURO. Double labelling with anti-POXN and anti-EAGLE antibodies shows that NB2-4 is often missing in brk (missing in 33% of hemisegments, n 88; Fig. 7B ). EVENSKIPPED (EVE) is expressed in the progeny of several neuroblasts in wild-type, namely EL neurons (derived from NB3-3), RP2 (NB4-2 progeny), CQ neurons (NB7-1 progeny) and aCC/pCC neurons (NB1-1 progeny). Of these, NB1-1 and NB7-1 delaminate medially in S1, and NB4-2 and NB3-3 delaminate later and more laterally. Labelling of brk mutant embryos with anti-EVE antibody reveals that the progeny of these intermediate and lateral neuroblasts are missing in some hemisegments (NB3-3, missing in 18% of hemisegments, n 154; NB4-2, 27% missing, n 154), whereas progeny from the medial neuroblasts (NB1-1 and NB7-1) are unaffected (Fig. 7D) . Using markers for EAGLE and INV expression shows that only NB6-4 and NB7-3 coexpress both genes in wild-type. Staining of brk embryos for EAGLE and INV expression at the same stage reveals some reduction in NB6-4 (14% missing, n 114) and a strong loss of NB7-3 (75%, n 418; Fig.  7F ). However, in addition to this loss of speci®c neuroblasts along the D-V axis, brk mutants also show a differential loss of NBs along the A-P axis: when brk E427 embryos are analyzed at SI for expression of the general neuroblast marker, HUNCHBACK, there is drastic loss of the most posterior neuroblast in the lateral row (NB7-4, , 70% missing; Fig. 7) . In contrast, the other lateral neuroblasts are relatively unaffected (Fig. 7H) . Their presence was con®rmed with more speci®c markers (e.g. NB3-5, EMPTY SPIRACLES marker, 3% missing; NB5-6, LADY-BIRD EARLY, 8% missing; data not shown). Similar results were seen with brk null mutants (brk M68 ) (Jazwinska et al., 1999a) . Interestingly, NB7-4 originates in the INV stripe and it is these cells which give rise to the anterior setae in the larval cuticle. Therefore, as with the salivary gland placodes and the larval cuticle, loss of brk also affects patterning along the D-V and A-P axes in the neuroectoderm.
Discussion
Initial genetic analyses of salivary gland development have focused on the role of previously identi®ed patterning genes (Panzer et al., 1992) . The extent of the placode was found to depend on the combined action of the homeotic gene Sex combs reduced (Scr), EGF-receptor signalling and decapentaplegic signalling (Panzer et al., 1992; Kuo et al., 1996; Henderson et al., 1999) . To identify further genes affecting salivary gland development, we have screened a large number of EMS-induced mutations for alterations in salivary gland morphology (Lammel, 1997 ; U.L. and H.S., unpublished data). In this screen mutations in three genes known to be involved in DPP signalling were uncovered. tolloid encodes a metalloprotease which cleaves the DPP antagonist encoded by the gene short gastrulation (Francois et al., 1994; Holley et al., 1995; Biehs et al., 1996) . Loss of tolloid function results in a reduction of DPP signalling (Piccolo et al., 1996; Marques et al., 1997; Mullins, 1998) . punt encodes a type II DPP receptor (Letsou et al., 1995; Ruberte et al., 1995) . Loss of maternal and zygotic punt expression leads to an increase in the size of the salivary gland placodes (Henderson et al., 1999) . The punt allele isolated in this screen results in larger appearing salivary glands even if only the zygotic expression is affected. The opposite phenotype, smaller salivary glands, was found to be associated with the complementation group small salivary glands, which during the course of this work was found to be allelic to brinker.
The role of brinker in salivary gland development
The function of DPP is required to restrict the dorsal extent of the developing salivary gland placode, and in dpp mutants enlarged salivary gland placodes are found. Similarly, the DPP receptor encoded by punt is required to restrict the dorsal boundary of the salivary gland placode. Here we showed that mutations in brinker lead to a phenotype opposite to that of dpp or punt. The salivary gland placodes of brinker mutant embryos are dorsally and anteriorly restricted and as a result smaller salivary glands are formed. The placode reduction in the D-V axis could be expected as brk is known to repress DPP activity. The smaller extension of the placodes along the A-P axis was unexpected and is either a consequence of unrepressed DPP activity in brk mutant embryos, or may be explained by a function of brk in speci®cation of the A-P axis. In sog Fig. 6 . brinker affects the formation of the longitudinal connectives. Whole mount preparation stained for the presence of the BP102 antigen which is found on almost all CNS axons. (A) In wild-type stage 16 embryos the regular ladder-like axon pattern can be detected in the ventral nerve cord. Within each neuromere two commissures connect both sides of the nervous system. Two longitudinal connectives connect the different neuromeres. (B) In mutant brinker F124 embryos the longitudinal connectives appear thinner and breaks can often be found (white arrow). Commissures form normally but sometimes have an irregular shape. Note the small, weakly stained salivary gland in which a small gland lumen is visible (black arrow). mutant embryos with four copies of dpp, the salivary gland placodes are reduced in their dorsal expansion but their size in the A-P direction is unaffected. As shown by Jazwinska et al. (1999b) the dpp expression expands ventrally to a similar degree in sog mutant embryos with four copies of dpp as in brk mutants. Thus, the difference in the placode phenotype is unlikely to be a result only of altered DPP signalling.
brinker expression is initially found in the salivary gland placode but during the invagination, this brinker expression declines in the presumptive salivary gland cells. Thus, brinker function might be required to repress dpp target gene expression only in the placode stage. In line with this notion, we observed an expansion of the salivary gland placode following ubiquitous expression of brinker using the GAL4 system. In this experiment dpp function is reduced in the entire ectoderm, which subsequently leads to a dorsal expansion of the salivary gland placode. Analysis of the cuticle phenotype shows that the function of dpp as a dorsally located morphogen is generally affected in these embryos (data not shown). The ®nding that ubiquitous expression of brk does not result in expansion of the placodes along the A-P axis is due to the restricted expression domain of the gene Sex combs reduced (Scr). Scr is not expressed anterior to parasegment 2 (Kuroiwa et al., 1985; Martinez-Arias et al., 1987; Riley et al., 1987; LeMotte et al., 1989) and the gland fate is suppressed in the more posterior parasegments by teashirt (tsh) and Abdominal-B (Abd-B) genes (Andrew et al., 1994) . Thus, brk has no instructive function in gland development but is necessary for positioning the anlage along the D-V axis.
brinker not only antagonizes DPP signalling but also affects anterior-posterior patterning
In the Drosophila embryo as well as in the vertebrate embryo, the function of TGF-b proteins such as DPP or BMP4 is required for formation of epidermal tissues. Expression of dpp is highest at the dorsal midline and declines towards the ventro-lateral side. This gradient of dpp expression is required for the orderly subdivision of the cellular blastoderm into aminoserosa, dorsal ectoderm and lateral neurogenic regions. DPP thus acts as a morphogen (Ferguson and Anderson, 1992; Wharton et al., 1993) . A similar function can be assigned to dpp during imaginal disc development (Lecuit et al., 1996; Nellen et al., 1996; Lecuit and Cohen, 1998) . Here, the genes omb, sal and dad have been identi®ed as targets of DPP signalling (de Celis et al., 1996; Grimm and P¯ugfelder, 1996; Tsuneizumi et al., 1997) .
Recent data show that DPP signalling can also lead to transcriptional repression. In the imaginal discs, as well as in the embryo following gastrulation, brk expression is repressed by dpp. brk encodes a nuclear protein (Campbell and Tomlinson, 1999; Jazwinska et al., 1999a,b; Minami et al., 1999) which negatively regulates the expression of the dpp target genes mentioned above. brk function appears to be conserved between Drosophila and vertebrates, as expression of Drosophila brk is suf®cient to repress expression of the BMP4 target genes in Xenopus (Minami et al., 1999) . Strikingly, brk itself appears to be regulated by dpp (Jazwinska et al., 1999b) .
In the context of these data, the brk salivary gland phenotype could be explained by the extended activity of DPP signalling into more ventral positions. However, analysis of the cuticle phenotype shows a frequent deletion of anterior denticles. The salivary gland placodes not only appear to be evenly reduced from the dorsal side but anterior positions are preferentially affected. Furthermore, lateral neuroblasts are also unevenly affected. As in the larval cuticle, anterior fates are primarily lost (e.g. NB7-4). This is in contrast to sog mutants in which lateral NB fates are more evenly missing and there is no such difference along the A-P axis (R. Lo Èhr, unpublished data). Therefore, the preferential loss of anterior fates in brk mutants cannot simply be explained by expanded DPP signalling, but indicates that brk affects other signalling pathways acting in A-P axis speci®cation.
Experimental procedures
Drosophila stocks and genetics
Drosophila strains were raised on standard corn-yeastmedia. For EMS mutagenesis y w f-chromosome or st e marked chromosomes have been used which were balanced with FM7cftz and TM3ftz chromosomes. All stocks used in the course of generating and establishing the stable balanced lines contain on their second chromosome the enhancer trap P(lacW)220 expressing b-GAL in the salivary glands from stage 13 onwards. Complementation tests were carried out using males harbouring the EMS-induced allele brk F124 or brk E427 rescued by the Duplication Dp(1;Y)y 1 ct 1 . These males were crossed with balanced virgins of the alleles to test. The progeny of these crosses were monitored for the appearance of balancer free female offspring indicating complementation. The phenotypes of the EMS-induced brk alleles (F124, E427) were compared to the previously described loss of function allele brk M68 and were found to be very similar.
Deletions, duplications, transpositions or alleles of known loci were obtained from the stock centres in Bloomington, Umea, Ko Èln and Tu Èbingen.
Histological methods
X-Gal and antibody stainings were performed as described (Kla Èmbt et al., 1991; Hummel et al., 1997) . The following antibodies were used: rabbit anti-b-GALACTO-SIDASE antibody (Cappell) (1:2000), Mab BP102 (Bieber, Patel and Goodman, unpublished data) (1:50), anti-INVECTED, Mab1D9 (Patel et al., 1989) (1:5), rabbit anti-EAGLE (Dittrich et al., 1997) (1:500), mouse anti-POX-NEURO (Dambly-Chaudiere et al., 1992) (1:10), rabbit anti-EVENSKIPPED (Patel et al., 1992) (1:5000) and rabbit anti-HUNCHBACK (gift of M. GonzalezGaitan) (1:1000). Stained embryos were embedded in either GMM or glycerol and photographed using a Zeiss Axiophot.
Whole mount in situ hybridization
Non-radioactive probes were generated using the DIG-RNA-labelling mix or the DIG-PCR1-labelling mix (Boehringer Mannheim) according to the manufacturer's protocols. In situ hybridizations were performed as described (Tautz and Pfei¯e, 1989; Plickert et al., 1997) . Stained embryos were embedded in either GMM or glycerol and photographed on a Zeiss Axiophot.
DNA and cloning techniques
The isolation of l-Phages and cloning procedures were performed using standard protocols (Sambrook et al., 1989) . A Drosophila genomic l-Fix library (Stratagene) and lgt11-cDNA-library (Zinn et al., 1988) were used. The P1-phage clone DS05565 (Hartl et al., 1994; Kimmerly et al., 1996) was found to span the brinker (brk) genomic interval. DNA fragments were cloned into BluescriptSK1 (Stratagene). DNA preparations were performed using Qiagen or Boehringer Kits according to the manufacturer's protocols. Sequences were determined using an ABIPRISM 310 automatic sequencer. Sequence analysis was performed using the Lasergene software package. DNA ampli®cations by PCR were carried out using standard protocols. The position of the LoHo 5.2 insertion was determined by sequence analysis.
About 30 kb of genomic DNA in the region was cloned using DNA sequences¯anking the DG(1)1 P-element insertion as an entry point (Fig. 2B) . Screening of a l-gt11-cDNA-library with different subcloned genomic DNA fragments revealed a transcribed genomic region about 7 kb 3 H to the DG(1)1 P-element insertion. Several of the above described excision mutants show RFLPs within this transcribed area (Fig. 2B) .
Sequence analysis of the longest cDNA clone isolated (gt11-20) revealed identity to the previously published brk transcript (Campbell and Tomlinson, 1999; Jazwinska et al., 1999a; Minami et al., 1999) . Further comparison to the sequences collected in the Berkeley Drosophila Genome Project EST project (BDGP HHMI EST Project, unpublished data) showed that the cDNA clone GM06062 is 34 bp shorter at the 5 H but 265 bp longer at the 3 H end than the published brk cDNA. Sequence comparison also identi®ed the cDNA clone GH03718 which overlaps with the transcribed brk DNA by approximately 2.2 kb. The corresponding gene is predicted to be expressed in the opposite direction to brk but does not appear to be transcribed during embryogenesis (unpublished observations). Since this cDNA clone was generated from RNA of adult Drosophila heads, this transcription unit might be active during later development, when brk function is also required (Campbell and Tomlinson, 1999; Jazwinska et al., 1999a; Minami et al., 1999) .
